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MATERIALS AND METHODS

Patient Population
The study cohort (19 men, 21 women; mean age, 63 years; age range, 51-75 years) consisted of two groups of asymptomatic patients at high risk for colorectal cancer. The first group consisted of a consecutive series of 20 patients who had at least one polyp 1.0 cm or larger at conventional colonoscopy performed the same day that CT colonography was performed. The second group consisted of a consecutive series of 20 patients who had normal results at colonoscopy performed the same day that CT colonography was performed. Both groups were selected from a larger group of asymptomatic high-risk patients who underwent 719 CT colonographic examinations. During the period of data collection required to achieve consecutiveness for this study, 410 CT colonographic examinations had to be performed before the 20 patients who had polyps 1.0 cm or larger were identified. High risk indicates that a patient had a family or personal history of colorectal cancer; high-risk patients therefore includes patients in a surveillance population.
Patients were excluded if they had melena or hematochezia (ie, symptoms of colorectal cancer), inflammatory bowel disease, a hereditary polyposis syndrome, or a large amount of retained stool or residual colonic fluid. All patients underwent complete colonoscopy to the cecum. This study was approved by the institutional review board, and informed consent was obtained from the patients.
Six patients (four of whom had polyps) had previously undergone partial colonic resection for colon cancer. Ten patients (four of whom had polyps) had diverticulosis.
CT Scanning
Each patient ingested 1 gallon of a standard oral colonoscopy preparation (polyethylene glycol electrolyte solution, Colyte; Reed and Carnrick, Jersey City, NJ) and two 5-mg tablets of bisacodyl (Dulcolax; CIBA Consumer, Edison, NJ). The colon was insufflated with CO 2 to the limit of patient tolerance. All patients received 1 mg of glucagon (Eli Lilly, Indianapolis, Ind), which was administered subcutaneously 10 minutes prior to the examination.
CT scanning was performed with a Lightspeed QX/i (72 scans) or Lightspeed Plus (six scans) multisection helical CT scanner (GE Medical Systems, Milwaukee, Wis) in all patients except one (two scans), who was imaged with a singlesection helical CT scanner (HiSpeed Advantage; GE Medical Systems) because the multisection scanner was unavailable. This patient's data were kept in the study data set to maintain consecutiveness.
CT scanning parameters used were 120 kVp, 50 mAs (mean), field of view to fit (38 -46 cm), 5-mm collimation, HQ mode, and a 3-mm reconstruction interval with a 2-mm overlap (8) . The protocol required only one 20-second breath hold for all sequences except one, which was performed with overlapping sections and multiple breath holds. Patients were imaged in both prone and supine positions. Scanning with the patient in the supine position was performed first, followed by scanning with the patient in the prone position. The size of the typical CT colonographic data set (supine or prone) was approximately 80 megabytes (160 images each). Therefore, there were a total of approximately 320 images per patient.
Colonoscopy
Conventional colonoscopy was performed after CT colonography on the same day. Colonoscopies were performed by experienced colonoscopists with more than 3 years of training. The colonoscopists were not aware of the CT colonography results. The size and location of any polyps were identified in the colonoscopy report. Polyp sizes were determined by the colonoscopist at the time of the examination; a probe or forceps was used for reference. The pull-back of the colonoscope was videotaped for later review. The sizes of 11 polyps were given qualitatively (eg, "diminutive" or "large") in the colonoscopy reports. The quantitative sizes of these polyps were determined, on the basis of our best estimates, from review of the pathology report or videotape. For purposes of brevity, polyps 1.0 cm or larger and polyps smaller than 1.0 cm are hereinafter referred to as large and small polyps, respectively.
Human Observers
The CT colonographic images obtained with the patients in the supine position were interpreted independently on the day of the examination by two of three radiologists (C.D.J., R.L.M., T.J.W., randomly assigned) who were blinded to the results of conventional colonoscopy.
The observers recorded the presence and location of lesions they suspected to be polyps. All three radiologists were board certified and had at least 10 years of experience. They each had interpreted images from a minimum of 50 CT colonographic examinations before they interpreted the images in the present study. In this study two radiologists evaluated the images because an evaluation of interobserver variability was contemplated and so that we could assess whether double reading was necessary.
In contrast to our previous study (6) , in which there was a strong bias that patients had polyps, in this study the radiologists knew that the patients were asymptomatic (ie, were a screening population) and probably had a lower prevalence of disease. The CT colonography examinations were chosen from among those performed in a cohort of patients in whom imaging had predominantly yielded normal results. Approximately 8% of this patient group was found to have colorectal polyps 1.0 cm or larger. Therefore, the radiologists had a strong bias toward the idea that the patients had normal colons.
The radiologists used research software developed at the Mayo Clinic for image display and interpretation (9) . This software has been used in multiple published studies, including a recent large clinical trial (2) . Preliminary evidence suggests that the performance of this software is comparable to that of commercial software (10) . The primary mode of interpretation was analysis of two-dimensional transverse CT colonographic images, supplemented when needed with analysis of three-dimensional perspective endoluminal displays and reformatted two-dimensional images. The average interpretation time was approximately 15 minutes per case.
Matching Polyps at CT Colonography and Colonoscopy
An important step in determining the sensitivity of polyp detection by the computer algorithm was to locate precisely each polyp found at colonoscopy on the CT colonographic images. To make this assessment, two radiologists (R.M.S. and C.D.J.) evaluated transverse source images, endoluminal three-dimensional images, and, when needed, reformatted coronal and sagittal images. If more than one polyp was present in a segment, we used reported sizes to determine which was which to the best of our abilities. Once a match was made be-tween a polyp described in the colonoscopy report and one visible in retrospect on CT colonographic images, the coordinates (ie, row, column, and section) of the center of the polyp as it appeared on the CT colonographic image were recorded in a computer database (Microsoft Access 2000; Microsoft, Redmond, Wash).
If the radiologists (R.M.S. and C.D.J.) could not find the polyp on CT colonographic images and match it to the colonoscopy findings despite a diligent search, the CAD software interpretation was assigned a false-negative result. Such false-negative results reduced the maximum sensitivity achievable with the CAD algorithm even before the algorithm was applied.
Computer-aided Polyp Detection Algorithm
We transferred the CT colonographic images to a personal computer (Dell Precision 620 Workstation; Dell, Austin, Tex) and analyzed the images with our computer-aided polyp detection software package (5, 6, (11) (12) (13) (14) . In brief, the CAD algorithm operates by identifying voxels along the wall of the colon and measuring the shape and CT numbers of the wall to classify the wall locally into polypoid and nonpolypoid (ie, normal) areas. The software analyzed CT colonographic data sets (supine or prone) at the rate of one every 2 minutes (4 minutes total for each set of supine and prone CT colonographic images).
On the basis of results of our earlier study (6) , a window width (1,050 HU) and level (Ϫ475 HU) for converting the data from 12 to 8 bits, a region-growing threshold for seeding the colonic lumen (Ϫ475 HU), and a threshold for generating the isosurface (Ϫ800 HU) were chosen. Region-growing and isosurface extraction were performed to identify the wall of the colon.
Polyp detection was performed with a prototype automated polyp detector software with criteria ("filter 7") developed in an earlier study (6) . Filter 7 was chosen on the basis of its high sensitivity and relatively low number of false-positive results per colon. The specifications for filter 7 are as follows: elliptic curvature of the peak subtype, a mean curvature range of Ϫ4.0 to Ϫ0.5 cm Ϫ1 , 10 or more vertices, a diameter greater than or equal to 0.5 cm, and sphericity less than or equal to one. Curvature is a measure of shape, elliptic curvature is a polypoid shape, vertices and diameter are measures of size, and sphericity is a measure of roundness.
In a previous study, filter 7 had 79% sensitivity for detection of polyps 1.0 cm or larger in well-distended segments of the colon (6) . The patient population was different in that study: Most patients were known or highly suspected to have a polyp 1.0 cm or larger on the basis of results of barium enema examination or flexible sigmoidoscopy; there was therefore a higher pretest probability of disease.
A polyp was considered to be "detected" by the computer algorithm when the center of a computer-detected polyp was within 1 cm of the center of a polyp as recorded in the database, thereby matching a polyp in the colonoscopy report. Perspective volume-rendered endoluminal views of the polyps were generated by custom research software designed at our institution (12, 15) .
Polyp Densitometry
A further reduction in the number of false-positive results was achievable by sampling the CT numbers of each voxel within a possible polyp along a ray directed through the polyp. The purpose of this method was to identify voxels within the possible polyp that had softtissue attenuation. If any voxel along the ray exceeded a threshold, the detection was retained; conversely, if all voxels along the ray were below the threshold, the detection was discarded. Because of volume averaging, a threshold lower than 0 HU had to be selected; based on results from an earlier study (6) , use of a threshold of Ϫ124 HU eliminated a number of false-positive results and no truepositive results for the optimal filter (filter 6) in that study. This method was applied only to detections of possible polyps that measured less than 1.0 cm. All detections of possible polyps 1.0 cm or greater were considered to be of potential clinical importance and were retained. Details about polyp densitometry measurements can be found in reference 6.
Assessment of False-Positive Detections
False-positive detections were assessed to understand how many were due to the presence of what could plausibly be considered polyps and how many could readily be discarded and eliminated from further evaluations. Because there were hundreds of false-positive detections, a subset was analyzed. Twenty false-positive detections of polyps measuring 1.0 cm or larger were randomly selected for further analysis.
Characterization of Colonic Distention and Colonic Segmentation
To evaluate the influence of adequate colonic distention on polyp detection, each segment of each colon was given a distention score (6) . Scores were assigned by a single radiologist observer (R.M.S.) who inspected an anteroposterior exoscopic CT colonographic image of the surface-rendered colon. The scoring scale was as follows: 0, collapsed; 1, partially distended; and 2, well distended. A score was given for each colonic segment on the basis of the amount of distention that predominated in that segment. Differentiation between partially distended and well-distended segments was based on expected colonic diameters for each segment, according to the observer's experience at performing air-contrast barium enema examinations and expected distributions of anatomic size (eg, the knowledge that the cecum can distend more than the sigmoid).
The colon was divided into eight segments. Polyps were located in segments on the basis of the colonoscopy report, and, as described above, each colonic segment was scored for distention. The segments scored were the rectum, the sigmoid colon, the descending colon, the splenic flexure, the transverse colon, the hepatic flexure, the ascending colon, and the cecum.
Statistical Analysis
P values less than or equal to .05 were considered to represent significant differences. Unpaired t tests were used to compare polyp size distributions and colonic distention scores. The Fisher exact test was used to compare sensitivity values and polyp spatial distributions for unmatched data. CIs for proportions were computed from the binomial distribution.
Sensitivity for polyp detection was computed as a function of polyp size and pathologic type and on a per-polyp and per-patient basis. Because more than one blinded radiologist analyzed each set of CT colonographic images, we computed sensitivity for polyp detection in two ways: by using (a) the number of truepositive polyp detections that were made by both radiologists and (b) the number of true-positive detections made by only one of the two radiologists. We report the average number of falsepositive detections per patient for CAD rather than specificity. As is typical for other types of CAD used in radiology (eg, CAD for breast microcalcifications and masses, CAD for lung nodules at helical CT), CAD for colonic polyps usually results in one or more false-positive detections for each CT colonographic examination (ie, specificity approaches zero).
A free-response receiver operating characteristic (FROC) analysis of CAD results was performed by plotting the mean number of lesion-localized true-positive detections against the mean number of false-positive detections per CT colonographic image set (which includes both supine and prone CT colonographic images of each patient) for various CAD diagnostic criteria (16) . The criteria for an irregularity to be considered a lesion were as follows: mean curvature between Ϫ4.0 and Ϫ0.5 cm Ϫ1 , at least two vertices, and a size of at least 0.2 cm. (These criteria constituted "filter 8" in our previous study [6] .)
The following variables were linked and varied in equal increments over the following ranges to produce each point on the FROC curve: sphericity (a measure of roundness, where 0 is perfectly spherical and 2 is a surface curved in one direction and almost flat in the perpendicular direction, approaching so-called cylindrical curvature), 0.8 -1.2; number of vertices (a measure of area), 0 -20; and minimum size, 0 -1.0 cm. These ranges were chosen on the basis of histogrammatic analysis of each parameter considered individually for the true-and falsepositive results. The midpoints of the ranges were identical to the criteria for filter 7 used in this study.
RESULTS
Twenty patients had 65 polyps, of which 25 were at least 1.0 cm (large polyps) and 40 were smaller than 1.0 cm (small polyps). Results of pathologic examination revealed that there were 49 adenomas, two cancers, and 13 hyperplastic polyps. No pathologic data were available for one small polyp. This distribution was more heavily weighted with adenomas than would be expected on the basis of known prevalences of polyps in these size ranges. The majority (14 of 25, 56%) of the large polyps were located in the transverse colon, ascending colon, or cecum. There was no significant difference between the sizes of the large polyps in this study (mean Ϯ SD, 1.8 cm Ϯ 0.7) and the sizes of the large polyps observed in our earlier study (1.7 cm Ϯ 1.2) (P ϭ .84).
Eighteen (72%) of 25 large polyps and 12 (30%) of 40 small polyps could be identified in retrospect on the CT colonographic images. Thus, these were the maximum possible sensitivities for the CAD algorithm. To avoid bias, we did not use CAD to help locate the remaining polyps. Observers had 70 opportunities (ie, images from one supine examination and one prone examination were available) to identify the 35 missed polyps. Potential causes for the false-negative diagnoses include the fact that four polyps were located in collapsed segments, 20 were buried in fluid or stool, one was obscured by motion artifact, two were obscured by streak artifact, eight coexisted with diverticular disease, and two were obscured by a rectal balloon. No cause could be identified for 33 false-negative diagnoses.
The mean colonic distention score was 1.6 Ϯ 0.7; 423 (66%) of 640 colonic segments were well distended, 130 (20%) were partially distended, 73 (11%) were collapsed, and 14 (2%) had been resected. (Percentages do not add up to 100% due to rounding.) There was no significant difference between the distention scores in the patients with polyps and the scores in the patients without polyps (1.6 Ϯ 0.7 for both groups; P ϭ .84, unpaired t test). The colons were clinically considered to be well distended and were better distended than in our previous study (6) ; this was thought to be due to the use of the single-breath-hold technique, multisection CT scanner, and improved insufflation technique that resulted from greater clinical experience. (In this study, nurses were encouraged to inflate the colon more vigorously, and all patients in the current study received glucagon, whereas all but one patient in our previous study did not.)
On a per-colon basis, there was no significant difference between insufflated colonic volume as observed on supine images (1,193 cm 3 Ϯ 319) and that observed on prone images (1,157 cm 3 Ϯ 337) (difference, 36 cm 3 Ϯ 185; P ϭ .26, two-tailed paired t test). Partially resected colons were excluded from this analysis because their volumes are smaller.
The CAD algorithm detected 12 of the large polyps and six of the small polyps, for sensitivities of 48% and 15%, respectively, and an overall sensitivity of 28% (Table) . Of 18 polyps detected with CAD, 10 were detected on supine CT colonographic images only; five, on prone CT colonographic images only; and three, on both supine and prone CT colonographic images. Per-patient sensitivity was 65% (13 of 20) . Sensitivity for adenoma detection was 27% (13 of 49) for all adenomas and 53% (10 of 19) for large adenomas. Per-lesion sensitivity for detecting polyps proximal to the splenic flexure (50% [eight of 16]) was not significantly different from per-lesion sensitivity for detecting distal polyps (44% [four of nine]). † Denominators used to calculate sensitivity values were total numbers of polyps found at retrospective review of CT colonographic data, which were evaluated in an unblinded fashion, after the precise size and location of polyps had been determined at colonoscopy.
Summary of Sensitivity Values for Polyp Detection by Radiologists, CAD, and Radiologists and CAD
‡ For this group, a polyp was considered to be detected at CT colonography if either of two radiologists, blinded to colonoscopy results, identified the polyp.
§ For this group, a polyp was considered to be detected at CT colonography if the computer program found a polyp that was confirmed at colonoscopy.
For this group, a polyp was considered to be detected at CT colonography if either of the two radiologists, blinded to colonoscopy results, or the computer identified the polyp.
At least one radiologist detected 12 of the large polyps and nine of the small polyps, for sensitivities of 48% and 23%, respectively, and an overall sensitivity of 32% (Table) . Only a minority of polyps (six of the large polyps and three of the small polyps) were detected by both radiologists. On a per-patient basis, sensitivity was 60% (12 of 20). Per-lesion sensitivity for adenomas was 31% (15 of 49) for all adenomas and 53% (10 of 19) for large adenomas. Per-lesion sensitivity for polyps proximal to the splenic flexure (50% [eight of 16]) was not significantly different from per-lesion sensitivity for distal polyps (44% [four of nine]).
The CAD algorithm detected four large polyps and one small polyp that were not detected by either radiologist and seven large and four small polyps that were not detected by both radiologists. Examples are shown in Figures 1-3 . The four large polyps not detected by either radiologist but found with CAD ranged in size from 2.0 to 3.5 cm, were all adenomas, and were scattered throughout the colon (in the cecum, ascending colon, sigmoid colon, and rectum). One was called a flat lesion (ie, its height was less than or equal to half the size of its base) by the colonoscopist. The additional three large polyps not detected by both radiologists (ie, detected by only one of two radiologists) but found with CAD ranged in size from 1.0 to 3.3 cm. Two were adenomas, and one was a carcinoma; they were located in the ascending colon, hepatic flexure, and transverse colon, respectively. Two of these were flat lesions. The radiologists found four large polyps and four small polyps that were missed with the polyp detector.
For the combination of detection with CAD and by at least one radiologist, 16 large polyps and 10 small polyps were found, for a combined sensitivity of 64% (16 of 25) and 25% (10 of 40) for large and small polyps, respectively; overall sensitivity was 40% (26 of 65) (Table) . The addition of CAD markedly improved sensitivity for detecting the most clinically important large polyps (a 16% increase; sensitivities without CAD and with CAD were 48% and 64%, respectively). The fraction of polyps missed by radiologists but detected with CAD was four of 13 (31%; 95% two-sided CI: 9, 61). On a per-patient basis, sensitivity was 75% (15 of 20) . Sensitivity for adenoma detection was 39% (19 of 49) for all adenomas and 74% (14 of 19) for large adenomas. The fraction of patients with polyps missed by radiologists but detected with CAD was three of eight (38%; 95% two-sided CI: 9, 76). Of large polyps identifiable in retrospect, 89% (16 of 18) were detected with the addition of CAD (Table) .
There were an average of 15 false-positive detections per patient. These could be reduced by 29% to an average of 11 per patient with the use of polyp densitometry. No true-positive results were excluded when polyp densitometry was applied. A random sample of 20 falsepositive classifications of polyps 1.0 cm or larger revealed that only 20% (four of 20) were of entities that could plausibly have been considered polyps, and 80% (16 of 20) were of entities that could easily be defined and discarded from the classification (ie, six haustral folds, four ileocecal valves, two rectal tubes, two rectal folds, one mobile stool, and one case of extrinsic compression by the uterus were misclassified). Of the four false-positive lesions that could plausibly have been considered polyps, one was on a fold, one was at a confluence of folds, one was related to a thick fold, and one may have been due to an indentation in the colon by the liver.
Results of FROC analysis (Fig 4) show the trade-offs between sensitivity and false-positive detections. To produce the graph in Figure 4 , polyp size and sphericity thresholds were incrementally varied between more-inclusive and less-inclusive values. The figure shows how greater sensitivity for detecting large polyps (more-inclusive case) can be achieved at the expense of a greater number of falsepositive detections. For example, 72% sensitivity (the maximal achievable value for this CT colonographic data set) can be attained at the expense of 31 false-positive results per CT colonographic examination or an average of 62 false-positive results per patient (when each patient undergoes one CT colonographic examination in the prone position and one in the supine position). 
DISCUSSION
In a previous work (6), we showed that our CAD algorithm had a sensitivity of 71%, with an average of 3.5 false-positive detections per patient for detecting polyps 1.0 cm or larger. In that study, we examined multiple-breath-hold singlesection helical CT colonographic data obtained with overlapping sections. Only results of CT colonography performed with patients in the supine position were examined to simplify the analysis. On the basis of the results of that study, we designed an experiment to validate the earlier results and to improve upon them, namely by using both the supine and prone data obtained at single-breathhold multisection helical CT colonography that did not require section overlap and by examining a consecutive series of patients to avoid selection bias.
In the present study, our computer algorithm boosted sensitivity for polyp detection at CT colonography by 16% (from 48% to 64%) and increased the number of true-positive detections of polyps 1.0 cm or larger by 33% (from 12 to 16), compared with the sensitivity of radiologists' interpretations alone. Statistical testing of observed detections revealed that the increase in the number of new polyps detected was significantly different from zero. That is, the CI for the proportion of polyps missed by both radiologists but found with CAD (four of 13) did not include zero. This is the basis for our claim that the 16% increase in sensitivity is significant. This is a dramatic improvement, which, if confirmed in a larger clinical trial, could have substantial benefit for patients. The size of such a trial can be estimated from our results. To obtain an increase in sensitivity of 16%, starting from 48% with an ␣ of 0.05 and a power of 0.80, a sample size of 59 would be required (as calculated with the onesided binomial statistic). This calculation assumes the same prevalence of polyps in the patient population as in the present study (ie, it assumes an enriched population).
In the present study, the CAD algorithm detected four large (Ն1.0 cm) polyps missed by both radiologists and seven missed by one of two radiologists. Missed polyps ranged in size from 1.0 to 3.5 cm. Three were observed to be flat lesions at colonoscopy. Six of the missed lesions were adenomas, and one was a carcinoma. According to our present understanding of the adenoma-to-carcinoma sequence, adenomas are neoplasms with malignant potential (17) . These missed lesions were therefore clearly clinically important ones that needed to be found.
While in retrospect, missed polyps such as those shown in the figures may appear obvious, perceptual error may be unavoidable when hundreds of images are being interpreted. In fact, it has been shown that approximately 17%-21% of false-negative diagnoses are due to perceptive error (2) . Additional training may help to improve sensitivity; nevertheless, trained observers will miss lesions that are visible in retrospect. CAD may help to reduce such misses.
To place in perspective the importance of locating four to seven of 28 large polyps, consider the recent article on CAD of breast cancer during screening mammography (18) . In that study, a commercially available Food and Drug Administrationapproved CAD system helped radiologists identify an additional eight cancers in a population of 12,860 patients. While it is not known how many cancers were actually present in that population, the percentage improvement in the number of lesions detected (19.5%) is comparable to our results (a 33% increase in the number of true-positive detections), despite the early stage of research on CAD in the colon.
To place the number of false-positive results observed in this study in perspective, in the study by Freer and Ulissey (18) , fewer than 3% of detections were deemed "actionable"; the remaining 97% were false-positive detections. Therefore, it may be that a large number of falsepositive detections are tolerable if most of them can easily be recognized and ignored. For CT colonography with CAD, the clinical effect of false-positive detections has yet to be assessed.
Our results showed that, rather than usurping the diagnostic role of the radiologist, CAD has a complementary role in polyp detection. Both the radiologists and the CAD algorithm identified polyps missed by the other. The combination of the two yielded improved sensitivity for polyp detection. The reason for the improvement with CAD is not yet known; it may be because radiologists focus their attention primarily on analysis of the two-dimensional CT images while the CAD algorithm analyzes the three-dimensional data and may identify more complex abnormal shapes.
Ultimately, the combined sensitivity of the radiologist and CAD will need to be evaluated under conditions simulating the proposed clinical use of CADthat is, CAD results would be given to the radiologist, who would determine them to be valid or false, and a final diagnostic decision would then be rendered. Such a study will also be necessary to determine the effect on specificity of the average of 11 false-positive detections per patient observed in this study and to determine how the use of CAD affects radiologists' image interpretation time.
Our CAD software processes CT colonographic examinations relatively quickly (4 minutes per patient). Even without any changes to our algorithm, improving computer hardware speeds will directly enhance performance. Thus, patient throughput is unlikely to be an issue for our CT colonography CAD software.
The current study was conducted with improved techniques. The degree of colonic distention achieved in this study was better than that achieved in our previous study, with a marked shift from partially distended to well-distended segments of colon (66% of segments were well distended in the present study vs 46% in the previous study, and 20% of segments were partially distended in the present study vs 40% in the previous study) (6) . In addition, all but one CT colonographic examination in the present study was performed without section overlapping.
Despite these technical improvements, sensitivity for detection of large polyps was worse for the radiologists compared with that observed in other large clinical trials (1-3). The radiologists had a sensitivity of 82% (23 of 28) in our previous study (6) versus 48% (12 of 25) in the current study (P ϭ .02, Fisher exact test). However, sensitivity was not significantly lower for the automated polyp detector. For example, the sensitivity of filter 7 was 68% (19 of 28) in our previous study and 48% (12 of 25) in the present study (P ϭ .17, Fisher exact test).
There are a number of possible explanations for these differences in performance. The most likely explanation is that because the interpreting radiologists knew that the incidence of disease was lower in the current cohort of patients, they used more stringent criteria to maintain higher specificity. There are limited data in the literature regarding comparisons of the sensitivity of CT colonography between populations with different prevalences of disease (ie, asymptomatic versus symptomatic individuals). However, results of one large recent study indicated that sensitivity was not significantly different between asymptomatic (screening) and symptomatic patient groups (3).
Other possible explanations for the decreased performance of radiologists observed in this study are differences between the two studies in the distribution of types, shapes, sizes, and locations of polyps; the presence of more residual stool during examinations in the current study; and case-selection bias in the previous study (the current study was of a consecutive series of patients). We have shown, however, that the sizes of the large polyps in the present study were not significantly different from those in the first study. The use of a wetter bowel preparation (ie, Colyte) instead of sodium phosphate (19) may also be a contributing factor, since in about 28% (20 of 70) of the examinations in which polyps were missed, the polyps may have been missed due to the presence of obscuring fluid or stool. However, the same bowel preparation was used in our earlier study. We also emphasize that every patient was imaged in both prone and supine positions, and both sets of images were interpreted by the radiologists and with CAD. These are very effective means of dealing with excessive fluid. It seems that these polyps were simply more difficult for the radiologists to detect. The right-sided distribution of polyps could also have influenced detection. In both this study and our previous study, there was a trend toward a right-sided distribution of polyps. Sixteen of 25 large polyps in the current study and 18 of 28 large polyps in our previous study were proximal to the splenic flexure (P ϭ 1.0, Fisher exact test). The right colon is larger in diameter (and therefore has more mucosal surface to be inspected), and the lesions in this portion of the colon tend to be flat. The confusion of polyps with normal structures like the ileocecal valve can also be problematic. Polypoid bulbous folds are normally present in the right colon and can mimic polyps, making detection of real polyps more difficult. Liquid stool with particulate debris is commonly seen in the right colon because the small bowel keeps pumping these contents through the ileocecal valve. Despite these factors, we found no significant differences in sensitivity for polyp detection on the basis of location (ie, proximal or distal colon) for either the radiologists or the CAD system.
We used 5-mm collimation with 2-mm overlap in this study to maintain consistency with the CT colonographic parameters used in our previous research (6) . The multisection CT scanner permits scanning of the entire colon in a single breath hold with thinner collimation (ie, 3 mm or lower). We believe that the use of thinner collimation may improve the sensitivity of CAD and have initiated research to validate this hypothesis. However, although it seems reasonable that thinner collimation may improve sensitivity, there is currently no evidence that thinner sections result in improved detection of lesions. The use of thinner sections requires higher radiation doses if noise levels are to be kept constant. Therefore, solid evidence must be garnered for the use of thinner sections before this is accepted as the standard.
Note also that we chose to use filter 7 instead of filter 6, which we described in our previous report as "optimum" (6) . Filter 6 proved to be insufficiently sensitive to improve on the results of the radiologists.
Most of the polyps (13 of 18) were found by the CAD system on supine CT colonographic images. The remaining five were detected only on prone images. These results support the addition of CT colonography with patients in the prone position to the standard protocol, as recommended by other researchers (2, 20) .
In preliminary studies of CAD systems, both Yoshida et al (21, 22) and Paik et al (23) achieved higher sensitivity for polyp detection. Yoshida et al (21) reported 100% sensitivity for nine polyps-six between 0.5 and 1.0 cm and three larger than 1.0 cm-with 2.5 false-positive detections per patient with supine and prone scanning. Paik et al (23) reported 100% sensitivity for nine polyps larger than 0.85 cm, with 3.6 false-positive detections per patient with supine scanning. Compared with our study, in each of these studies the number of polyps was smaller, and the patient populations may have been markedly different and/or highly selected.
CAD is still in an early stage of development but has great potential. There are still many challenges ahead and areas that need improvement (7) . Choices of features to extract and classifiers that combine and limit features are just being evaluated and developed. Measurements of CT numbers and shape are likely to be important factors in a working CAD system for CT colonography.
Early investigations suggest that labeling stool with ingested contrast agents may enable CT colonography of the colon without the use of bowel preparations, yielding a more "patient-friendly" examination (24) . It is possible to eliminate labeled stool and fluid with imageprocessing techniques (25) . The processed images could then be assessed with CAD algorithms designed for use with colons that have been cleansed with a bowel preparation.
Our database consists mainly of polyps rather than cancers. A survey of seven recent studies of CT colonography reveals that sensitivity for cancer detection with this modality has uniformly been 100% (4) . Although sensitivity of CT colonography for cancer detection may be lower in colons not cleansed with a bowel preparation (for which no data are yet available), given the excellent performance of human observers for cancer detection, it is likely that the need for CAD is less for detection of such advanced lesions.
In summary, in a patient population having a lower prevalence of disease, we have shown how a computer-assisted polyp detection algorithm can improve the diagnostic sensitivity of CT colonography when used in conjunction with radiologists' interpretations.
